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The present paper deals with the correlation between intramolecular and intermolecular interactions of polycarboxybetaines. The degree of coupling between the opposite charges within the polycarboxybetaine molecules was varied by spacers of different length and by

Introduction

Polyelectrolytes in aqueous media are of interest for many technical applications and in basic research. Polyelectrolytes can be used as electrostatic and/or sterical stabilizer for colloidal dispersions. On the other hand they act as destabilizer if they induce depletion, and they can be salted out easily. Usually, they are water soluble and non-toxic which makes them interesting for many chemical formulations. For theoretical considerations they are attractive since they show properties of electrolytes and polymers and both fields should be combined to describe their complex behavior. For several decades the conformation and ordering of polyelectrolyte chains in aqueous media has been investigated by scattering [1,2,3,4,5] and described by theoretical calculations [6,7,8,9,10]. Synthetic polyelectrolytes can be used as model systems for natural polymers like DNA or proteins. Especially the latter ones are very complex, since they have hydrophobic and hydrophilic areas and many of them show zwitterionic behavior. In the case of zwitterionic molecules the number of positive and negative charges decides about the net charge of the molecule. For the stabilisation of proteins betaines are of interest. They are zwitterionic with a strong electric dipole, and the positive charge (nitrogen) carries a hydrophobic cap. Hence, they are hydrophobic molecules with a strong electric dipole. As a consequence they favor adsorption neither at hydrophobic surfaces (or molecules) due to their large amount of water around the dipole nor at hydrophilic surfaces (or molecules) due to their charges [11]. Therefore betaines acts similar as Trimethylaminoxid (TMAO) -a well-known osmolyte -and stabilize proteins by preventing them from defolding. The question arises how important the charge coupling is for the interaction with other molecules. If for instance one charge is screened and the charge coupling is interrupted the opposite charge might dominate the intermolecular interaction, like for polycarboxybetaines studied in the present paper. They are zwitterionic with a permanent positively charged nitrogen atom and a negative charge caused by an acrylic acid group which is protonated below a pH of about 4 and deprotonated at intermediate and high pH values. In the latter pH regime the net charge of the polycarboxybetaines is zero, and it is positive in the acidic medium. Capillary electrophoresis experiments indicates that the charges within one poly(carboxybetaine) neutralize each other if a) opposite charges have a short distance and if b) none of the charges are screened [12]. The question arises if this intramolecular charge interaction is also reflected in intermolecular interactions. In the present paper the intermolecular interaction between polycarboxybetaines is studied via 1) the ability for structure formation in the aqueous bulk solution and 2) the ability to form multilayers with an oppositely charged polyelectrolyte. These studies are also of interest for technical applications as for thickening of paintings and surface coatings. The structure formation in the bulk was investigated by small angle neutron scattering (SANS). In general, scattering spectra of aqueous solutions of polyelectrolytes containing one type of charge show a broad intensity peak (q max = 2π / correlation length) which reflects the interactions between the chains. In the dilute regime (c<c*) the peak position scales with the polyelectrolyte concentration c as q max ∝ c 1/3 , which is typical for an isotropic distribution of molecules in three dimensions and in the semi-dilute regime (c>c*) it is q max ∝ c 1/2 which is related to the overlap of polyelectrolyte chains and the formation of a transient network [13]. With increasing ionic strength or decreasing charge density the peak vanishes which indicates that the peak is due to electrostatic repulsion between the polyelectrolyte chains [14]. In the present paper different classes of polycarboxybetaines are studied. The distance between both charges (parameter k) is changed by the number of CH 2 groups and the screening of the charges (parameter R) is varied by the length of alkyl side chains at the nitrogen. In these experiments an eventual occurrence of a structure peak would indicate the polyelectrolyte character of the polycarboxybetaines. The polyelectrolyte multilayers are formed by the layer-by-layer technique suggested by Decher and Coworkers in the early 1990's [15]. Usually, the multilayers are built-up by alternate adsorption of polycations and polyanions from aqueous solutions. The thickness of the multilayer increases with increasing ionic strength of the dipping polyelectrolyte solutions. Due to the charge screening along the polyelectrolyte chain the chains adsorb in a more coiled conformation than at low ionic strength. Beside this segment-segment interaction also the segment-interface interaction is screened which has an opposite effect on the thickness. Hence, there should be a maximum in multilayer thickness where the repulsion of likely charged polyelectrolyte segments is partially screened, but not overcompensated by the screening of the attraction between oppositely charged segments. If the polyelectrolyte character of the polycarboxybetaines is pronounced they should build up multilayers with an oppositely charged polyelectrolyte and the described effect of the ionic strength should be detectable.

Experimental section 2.1 Materials

The synthesis of the polycarboxybetaines is described elsewhere [12]. The structure and the molecular parameters are shown in fig. 1 and in table 1. Four different polycarboxybetaines have been studied: Pyridiniocarboxylates (PC) with two different spacer lengths between both charges k=0 (PC0) and k=3 (PC3) and two ammonioacetates (AA) where the charges are separated by one CH 2 group and the quaternary nitrogen carries methyl (AAMe) or ethyl side chains (AAEt). While the nitrogen in PC0 and PC3 has a sp 2 hybridation the nitrogen in AAMe and AAEt has a sp 3 hybridation. Therefore the positive charge in PC0 and PC3 is rather dislocated while it is located in AAMe and AAEt. 

Multilayer preparation

Branched polyethylene imine (PEI) and poly(styrene sulfonate) sodiumsalt (PSS) were obtained from Aldrich (Steinheim, Germany). The molecular weight of PEI was 750.000 g/mol and 70.000 in the case of PSS. The polymer solutions contained 10 -2 monomol/L (concentration of monomer units) of the respective polyelectrolyte in Milli-Q-water. The ionic strength of the respective aqueous polymer solution was adjusted by NaCl and the pH of the polycarboxybetaine solutions was adjusted by HCl. Unless stated otherwise the pH of the PSS solutions was not adjusted and was about 4.6. In all solutions the NaCl concentration was higher than the H 3 O + concentration. With exception of pH 1.5 and a NaCl concentration of 0.1 mol/l, the variation of the ionic strength caused by the pH adjustment was less than 10 %. The Silicon wafers were provided by Wacker Siltronic AG, Burghausen (Germany) and cleaned for 30 min in 1:1 H 2 0 2 /H 2 SO 4 mixture. After that they were coated with a PEI layer. Then, PSS and polycarboxybetaine were deposited consecutively via the layer-by-layer technique on the silicon wafers by immersion for 20 min into the respective aqueous polymer solutions and by rinsing with Milli-Q-water after each deposition step. A complete dipping cycle in the following concerns to the sequence PSS/ water/ polycarboxybetaine/ water. The outer layer was always the polycarboxybetaine. The films were dried in an air stream after completion of the multilayer assembly.

For the multilayer formation the polycarboxybetaines either AAMe or AAEt were used.

2.3 Apparatus and measurement procedure 2.3.1 Small angle neutron scattering (SANS)

The SANS measurements have been carried out on beamline PACE at Laboratoire Léon Brillouin (CEA/CNRS) in Saclay. PACE was a traditional small angle instrument with pinhole collimation and mechanical velocity selector. Two configurations were used, with fixed wavelength (6 Å) and sample-todetector distance 1.0 m and 4.6 m, giving a q-range from 7x10 -3 Å-1 to 0.32 Å-1 . All polymer samples were measured in D 2 O in 2 mm Hellma-cuvettes.

Empty cell scattering was subtracted and H 2 O incoherent scattering was used to correct for detector imperfections. Incoherent scattering from the samples comes mainly from the solvent, due to the low concentrations of hydrogenated material used. We have thus subtracted a constant but individual value (given by D 2 O scattering, ≈ 0.05 cm -1 ) from all spectra. Finally, the scattered intensity was converted in absolute units (cm -1 ) by an independent measurement of the direct beam intensity. The neutron scattering length densities of the compounds have been calculated from the contributions of each atom in a repeat unit, divided by its volume estimated from a density of 1 g/cm 3 . Counterion contributions are negligible, and moreover difficult to attribute spatially due to their mobility. They have thus not been included in the scattering contrast with respect to the solvent given in table 1.

Ellipsometry

The polyelectrolyte multilayers at the solid interfaces were characterized by ellipsometry. By this method one gets information about the thickness and the refractive index of the coating. For a detailed description of ellipsometry the reader is referred to [START_REF] Azzam | Ellipsometry and Polarized Light[END_REF][START_REF] Motschmann | Ellipsometry in Interface Science[END_REF].

For thin films (d < 100 Å) the variation of the polarizer angle is very minor. Only the analyzer angle changes significantly, and therefore only one parameter (thickness or refractive index) of the coating can be determined.

In the present study the refractive index is taken from a thick film (n≈ 1.5) under the assumption that the refractive index is the same for thin films. A Multiscope from Optrel (Berlin, Germany) has been used for the experiments presented in the following. Each type of film has been prepared at least twice. The thickness has been measured at several positions on the wafer by ellipsometry (foot print: around 1 x 3 mm). The presented thickness data are average values and the error bars are smaller than the symbol size.

3 Results and discussion

Aqueous bulk solution (SANS)

Concentrations from 0.1 down to 3.125 x 10 -3 monomol/L of polycarboxybetaines have been measured by SANS, obtained by successively dividing the concentration by two. Fig. 2 shows the reduced SANS intensities I(q)/Φ of the four samples at different concentrations, in D 2 O at pH 2 adjusted by addition of HCl. All SANS samples have been prepared without added salt for reasons of colloidal stability. Due to the presence of HCl, and counterions introduced by each repeat unit, the Debye screening length already rather low, typically 10 Å for 0.1 mol/L solutions, i.e. it corresponds to a high ionic strength with considerably electrostatic screening. All intensities I(q) have been divided by their corresponding polymer volume The lines correspond to fits of the low q-regime and to the high-scaling law, respectively.

fraction Φ, obtained by assuming a polymer density of 1 g/cm 3 again, which is found to be in the percent range as given in table 1. At very low concentrations, the scattered intensity becomes very weak, and some curves are not shown because of the insufficient statistics. The intensities of samples PC0, PC3, and AAMe are monotonously decreasing functions with increasing wave vector, whereas the polymer AAEt displays a strong structure factor peak. This indicates that the molecules PC0, PC3, and AAMe carry no or little net electrostatic charge, which could be due to an intramolecular neutralization mechanism. To address this, one has to consider the intramolecular charge coupling within the polycarboxybetaines. In general, at pH 2 the carboxyl groups are protonated and therefore uncharged: the pK a is 5.1 for poly(acrylic acid), and 4.7 for acrylic acid. Therefore the total charge of the side group is determined by the positive ammonium charge. However, if this positive charge comes to close vicinity of the carboxyl group, it competes with the H + for the charge compensation of the carboxyl group, and the carboxyl group might be deprotonated even at low pH, leading to an overall neutral side group. If the distance to the quaternary nitrogen is small, the carboxyl group might be dissociated, and the total molecule becomes neutral, i.e. exhibit intramolecular charge compensation even at low pH. This mechanism can be described as a lower virtual pK a value. With increasing distance or steric hinderance between the nitrogen and the carboxyl group, the probability for protonation of the carboxyl group increases, corresponding to an increase of the virtual pK a value. These arguments are in line with electrophoretic mobility measurements of the polycarboxybetaines, which have shown that the net charge of compound PC3 is higher than the one of PC0, and the electrophoretic mobility of AAEt is higher than the one of AAMe [12]. However, as none of the three compounds PC0, PC3 and AAMe displays a structure factor peak, the total charge can be assumed to be too small to overcome electrostatic screening, even for molecule PC3. Also, going from PC0 to PC3, the longer spacer between N + and the carboxyl group may induce interactions with neighbouring side chains, providing a counter- acting trend in favour of deprotonation of neighboured carboxyl groups and a decreasing net charge.

For ammonioacetates, the charge of the sp 3 hybridized ion is more located than the sp 2 hybridized ion in the pyridiniocarboxylates. Especially in compound AAEt the steric hindering by the ethyl group is pronounced which counteracts a charge compensation of neighboured carboxyl groups. Due to these reasons sample AAEt is assumed to have the highest positive net charge. This leads to a strong intermolecular repulsion between the polymers of type AAEt, which is indicated by the occurrence of a pronounced structure peak in the SANS spectra.

Coming back to the non-interacting compounds, the general shape of the intensity curves of samples PC0, PC3 and AAMe in fig. 2 can be described by two regimes: a Guinier regime at low q-range followed by a power law in the high q-range. The latter has been superimposed for illustration in the plots.

High q-range

The power law exponent is characteristic of the average local chain conformation [START_REF] Schurtenberger | Neutrons, X-ray and Light Scattering[END_REF]. A q -2 law, e.g., is typical for a Gaussian coil, whereas a lower exponent indicates more linear chains, down to one for stiff rods. The measured value may be an average over different conformations along the same chain. The results obtained from fig. 2 are reported in table 2.

For the pyridiniocarboxylates, the power law remains roughly the same, indicating rather extended chains, with possibly a slight increase of the net charge (inducing chain stiffening) as one goes from PC0 (1.36) to PC3 (1.2). This agrees with the above argument of decreasing intramolecular charge compensation, which makes PC3 more charged than PC0. For the ammonioacetates, the power law exponent increases from 1.5 to almost 2, indicating a gradual transition from on average more stretched to more coil-like chains.

The ammonioacetates even reach the typical conformation of an ideal chain, of fractal dimension 2. This is surprising, as such a trend towards Gaussianity is usually associated with a decreasing repulsion between equally charged monomers, whereas the AAEt chains are certainly more charged than the AAMe chains due to reduced charge coupling by the bulkier and more hydrophobic ethyl groups. Due to an increase in hydrophobicity, AAEt chains favour a more pronounced coil-like structure in comparison to AAMe by compensating partially the internal electrostatic repulsion between monomers. There is, however, no electrostatic screening effect, and the compensation by hydrophobic interactions does not outweigh the total increase in electrostatic charge of each molecule, which leads to the repulsive peak. That means two counteracting effects of increasing charge and local hydrophobicity have to be taken into account, discussing the chain conformation. A certain hydrophobicity of polyelectrolyte chains leads to the alignment of electrostatic blobs (pearls, beads) separated by strings. This structure is called pearl-necklace structure and was described e.g. by Dobrynin, Colby and Rubinstein [9]. The scattering factor of pearl-necklace chains was calculated by Huber and coworkers [START_REF] Schweins | [END_REF]20], but due to the absence of the corresponding signature in the present scattered intensities, it could not be applied here.

Guinier regime

In the intermediate to low-q range, below 0.1 Å-1 , there is a cross-over to the flat scattering of the Guinier regime. In some cases, usually at the highest concentrations, the intensity does not stay constant at low q, but in-creases slightly again towards very small q values. This indicates additional large-scale structures, the exact nature of which can not be extracted unambiguously from these data. The use of larger wavelengths (16.8 Å) had been attempted to reach lower q, but the low flux did not allow further measurements. Ignoring possible low-q upturns, the scattering curve is typical for finite sized-objects, and the position of the cross-over can be analysed in terms of the radius of gyration R g of these objects [START_REF] Pusey | Neutrons, X-ray and Light Scattering[END_REF]. In the following the objects are considered as blobs with a radius of gyration R blob :

I = I 0 exp(-q 2 R 2 blob /3) (1) 
The radii of gyration averaged over the different concentrations are given in table 2. In practice, they have been obtained by fitting eq. ( 1) to each experimental intensity, decreasing progressively the q-range until a satisfactory agreement with the data was obtained. In theory, the Guinier range should extend until (at most) q m ax=1/R g . As can be seen from the Guinier functions superimposed to the data in Figure 2, it is actually still acceptable beyond this value, as often observed for polydispersed fuzzy objects. On the other hand, the av-erage of the fit functions is not always good at low q, as one can simply guess from the scattering of the data in this range. In some cases, as with the highest concentration in fig. 2a, one can even observe some attractive interactions leading to a low-q upturn, which is of course not captured by the simple Guinier model of independent blobs. All in all, however, one may note that the order of magnitude of both the mass -via the average intensity level -and the spatial extension -through the kink in the intensity -is measured in a robust manner.

a) Pyridiniocarboxylates PC0 and PC3

For the pyridiniocarboxylates, R blob is found to decrease strongly (from 28 Å (PC0) to 13 Å (PC3)), and this is accompanied by a decrease in total intensity between Fig. 2a andb. When k is increased from 0 to 3, the blobs become thus considerably smaller and lighter, although the mass of both carboxybetaine chains is comparable. This means that in the low q-range the SANS measurements only probe smaller correlated objects (blobs), but not the polymer as a whole. The chain is subdivided into independent units, i.e. blobs, as shown in fig. 3.

In absence of a structure factor as observed in Figs. 2(a-c), the low angle limit of I(q) gives the apparent dry volume of the blobs V blob :

I 0 = Φ∆ρ 2 V blob ( 2 
)
where Φ is the total volume fraction of polymer, and ∆ρ the contrast given in table 1. V blob can then be converted into the apparent mass M blob which is also given in table 2. As seen qualitatively in fig. 2, the apparent mass of the blobs decreases strongly from k=0 to k=3. At the same time, the observed radius of gyration decreases. In the framework of the intramolecular charge compensation scheme outlined above, this can be understood as the result of the increased net charge from PC0 to PC3, which tends to stretch chain and organize it in smaller and more numerous blobs. By dividing the total chain mass M w (table 1) by M blob , and an approximate number of blobs per chain, N blob , can be deduced. This number is found to increase from about 6 to 15. Electrostatic interactions seem to be screened on the scale of the distance between blobs, as no signature of a structure factor is found in the SANS data. Indeed, the Debye screening length has been estimated to a minimum of 10 Å (corresponding to the highest polymer concentration 0.1 monomol/L), which is smaller or in the same range as the blob size. These results give strong hints for a pearl-necklace structure as illustrated in fig. 3 and mentioned already above. The fact that the the blob size decreases with increasing degree of polyelectrolyte charge was also found for polystyrene sulfonate (PSS) in water [START_REF] Mahmoud | [END_REF]. Improvement of the solvent quality by adding tetrahydrofuran (THF) had the same effect. As a final remark on this analysis of the Guinier regime for PC0 and PC3, one may estimate the internal volume fraction of polymer within a blob from R blob and the apparent mass, supposing a spherical and homogeneous spatial mass distribution in blobs. The small blobs of compound PC3 are found to be a lot denser (15%) than for the less charged PC0 (4%). Given the low concentrations (table 1), the blobs are thus separated in space and do not overlap. The same is not true, however, for the entire chain. Indeed, the overlap concentration of entire blobs of the same conformation as a single blob (given by the high q power law exponent a) can be estimated by applying a power law to the blob. It results that the internal concentration scales as 1/N 3/a-1 , and we find 0.3-0.4% for both PC-molecules. Blobs of entire chains would thus overlap down to the lowest concentrations, while their smaller blobs are well-separated and are probably made from a single chain. It looks like the more charged molecule tends to distribute its electrostatic charge over space by making many small blobs, which however (and counter-intuitively) are denser. It is possible that the structure of blobs and connections between them corresponds to a different molecular organization inside and outside blobs, and that the high-q power law in table 2 averages over both, leading to the observed decrease from 1.36 to 1.2.

b) Ammonioacetates AAMe and AAEt

The same analysis following eqs.1 and 2 has been applied to the ammonioacetates, and results are also provided in table 2. Note that due to the presence of the interaction peak shown in fig. 2d, only the lowest concentration sample of AAEt had a Guinier regime. For both ammonioacetates, the radius of gyration and the apparent mass are much bigger than for the pyridiniocarboxylates, and within error bars, the molecules form rather large single coils, which are considered as one blob in the present picture (R blob ≈ 50 Å, N blob = 1). In case of ammonioacetates R blob corresponds more or less to the radius of gyration of the entire polmyer chain. Their internal volume fraction can be estimated to 5% for both AAMe and AAEt, i.e. these blobs contain 95 % of water. If one compares the internal to the highest total nominal volume fraction given in table 2, one reaches the conclusion that blobs of compounds PC0, AAMe and AAEt are closer to contact in the suspension (because the internal volume fraction, or equivalently the overlap concentration, is only a factor of two or three from the global one), whereas the ones of the denser PC3 are more separated under these conditions. Coming back to the surprisingly similar internal concentrations of AAMe and AAEt, they might be due to the com-pensation of size and chain conformation. While the stronger high-q exponent for the more hydrophobic AAEt tends towards an increase in density, the increase in volume by a factor of two, with possibly aggregation of one or two molecules (1/N blob = 1.7) in each blob, may lead to a lower average density (proportional to 1/N 3/a-1 , very different for the two samples) due to the fractal nature of polymer molecules."

The AAEt compound is the only one displaying a prominent scattering peak in the intensity curve, cf. fig. 2d. Such a peak is usually associated with a non-zero total electric charge of the chains, causing mutual repulsion and thereby inducing a liquid-like ordering of the solution, i.e. the largest possible distance (compatible with conservation of polymer mass) between objects made of single chains. Fig. 2d shows that intensities divided by the concentration clearly overlap in the intermediate q-range. This speaks in favour of identical objects which follow a dilution law. To check this we have plotted in fig. 4 the peak position q max as determined from fig. 2d. With increasing AAEt polymer concentration, the peak is shifted to higher q-values. The log-log presentation shows a clear evidence for a power law, and the peak position scales with the polymer volume fraction Φ as q max ∝ Φ 0.38 . The exponent 0.38 is close to 1/3 shown for comparison, and it indicates a dilute regime, where the polyelectrolyte coils are not interdigitating and are isotropically diluted as solvent is added, as commonly observed for repulsively interacting polyelectrolytes in the dilute regime [13], micelles of ionic surfactants or colloidal particles [23]. The exponent 1/3 indicates a simple three-dimensional packing [24]. Such an evolution of the peak position with concentration has been known for a long time, and it has for example been discussed in the 80s for globular micelles [25]. These authors compared the prediction of the cubic model to statistical mechanical theories based on the solution of the Ornstein-Zernike integral equation for long-range electrostatic repulsion [26,27]. For strongly charged colloidal particles like silica particles it turned out that the scaling exponent is 1/3, and that q max scales with the particle number density n as q max = n 1/3 (equals sign!) [23]. Another explanation for the exponent 1/3 might be the blob-controlled semi-dilute regime [START_REF] Mahmoud | [END_REF]. This can be excluded since only one blob per chain could be detected in the present study. Under the assumption that the radius of gyration of the blob and of the entire AAEt chain are similar the maximum concentration of 0.1 monomol/L is still below the overlap concentration c*.

In such systems the repulsion associated with the conservation of matter defines a typical length scale between objects. In the case of strong repulsion, the pair correlation function is peaked at this distance, and the same holds for its Fourier transform, the structure factor [START_REF] Klein | Neutrons, X-ray and Light Scattering[END_REF]. This conclusion is also compatible with the characteristic lengths otained for these systems. The diameter of gyration 2R blob is only slightly smaller than the smallest distance 2π/q max ≈ 125 Å measured at the highest concentration. This is in agreement with the internal volume fraction argument discussed above: the coils are close to contact at high concentration, and increase their distance under dilution as indicated by the power law. This behaviour is consistent with the fact that more charged chains repel each other, introducing colloidal stability and resistance to aggregation.

To summarize, our SANS analysis clearly establishes that the polymers under scrutiny behave in a very different manner. While ammonioacetates form isolated coils, pyridiniocaboxylates are subdivided into blobs. These blobs must be connected, but as this is not visible in the spectra either the blob positions are totally uncorrelated or the correlation is on a length scale larger than the one probed here. Within each class of compounds, the ones with longer spacers or bulkier side groups present a stronger separation between the ammonium ion and the carboxyl group, which impedes interaction, and thus competition. PC3 and AAEt present a higher overall charge than their counterparts PC0 and AAMe which results either in the formation of smaller blobs for the pyridiniocaboxylates or repelling chains in the case of ammonioacetates.

Polyelectrolyte multilayers (PEMs)

According to the SANS measurements the ammonioacetate AAEt behaves like a polyelectrolyte. Former electrophoresis studies unveiled that AAEt acts like a polycation at pH 2 [12]. The consecutive dipping in polycarboxybetaine solutions of pH 2 and solutions containing polycations like PDADMAC results in very thin layers which indicates that the surface charge was not reversed. This proves the polycation character of polycarboxybetaine at pH 2.

In the following the interaction of AAEt with the polyanion PSS in poly-electrolyte multilayers was studied and compared to the impact of its methyl counterpart AAMe. Fig. 5 shows a linear increase in thickness with increasing number of dipping cycles. The linear fit gives a thickness increment of 45 Å/double layer from the second double layer on. The first double layer together with the PEI layer underneath have a thickness of about 25 Å all together. As expected, the first layer is thinner, since the substrate is smoother. The first layer increases the roughness and therefore the effective surface. For other systems (e.g. PSS/PAH) this region affected by the substrate can be extended up to three double layers [START_REF] Lösche | [END_REF]. The linear increase indicates a low mobility of polymer chains within the PEM as for e.g. PSS/PAH or PSS/PDADMAC multilayers prepared at low ionic strength. This is in contrast to PLL/HA multilayers or PEM prepared at high ionic strengths or in presence of chaotropic ions which show a growth related to a high mobility of polymer chains [30]. Fig. 6 shows the thickness of a PSS/ammonioacetate multilayer after six dipping cycles in dependence of the pH of the polycarboxybetaine solution. Up to a pH of 2.5 the thickness is more or less pH independent and the thickness is about 250 Å in the case of (PSS/AAMe) 6 . The (PSS/AAEt) 6 multilayer is about 100 Å thicker than (PSS/AAMe) 6 . Above a pH of 2.5 the thickness decreases abruptly to 50 Å at a pH of 3.0 for both types of polycarboxybetaines and stays more or less constant at a thickness between 30 and 50 Å up to the pH of 4.5 and even to the highest studied pH of 9.0 (data not shown in fig. 6). The high thickness at low pH reflects the polycation character of the polycarboxybetaines due to the permanent positive charge of the nitrogen and the protonated carboxyl group. With increasing pH the carboxyl groups become more and more deprotonated which reduces the net charge of the polycarboxybetaine. Titration measurements [12] show a decrease in cationic charge from 80 % to 50 % for polycarboxybetaine AAEt and from 60 % to 50 % for AAMe in a pH range from 1.5 to 2.5. For most of the investigated polycation/polyanion combinations a charge density of about 50 % (i.e. 50 % of the monomers are charged) is sufficient for a charge reversal after each adsorption step required for multilayer formation [31,32,33,34]. Below a charge density of 50 % for many systems the charge reversal is not sufficient anymore and the adsorption stops after a few dipping cycles [35]. Obviously, AAMe gives thinner multilayer than AAEt although the charge is similar (about 50%) at pH 2.5. This is a further hint that not only the degree of charge dominates the amminioacetate chain conformation and therefore the multilayer thickness. SANS measurements mentioned above show a stronger coiling of AAEt chains than of AAMe chains (see table 2) which is in good agreement with the results for multilayers. Stronger coiling leads to thicker multilayers, as it often occurs by the addition of salt (see below). The titrated charge of compound AAEt decreases from 50% to 30% and the one of AAMe even to 10% in a pH range between 2.5 and 3.0. This abrupt decrease in charge explains the sharp decrease in film thickness at pH 3.0.

The thickness of about 30 to 50 Å above pH 3 in fig. 6 indicates that the adsorption stops after one to two double layers. A similar result was found for instance for the system (PSS/PDADMAC) for PDADMAC charges below 50% [31].

In addition to the low net charge above pH 3 the configuration of the side chains might reduce the adsorbed amount. The negatively charged carboxyl groups might be turned outside towards the adsorbing PSS chain and interact stronger than the inner positively charged nitrogen atoms irrespective of the size of side groups at the nitrogen. This might explain why above pH 3 the thickness is small and independent of the type of polycarboxybetaine.

As already mentioned the addition of salt during PEM preparation can have a strong effect on the polyelectrolyte chain conformation and PEM thickness. Fig. 7 shows the effect of the ionic strength of the polyelectrolyte (dipping) solutions on the thickness of multilayers. Up to an ionic strength of 0.1 mol/L the PEM thickness increases and drops down at higher salt concentrations. The thickness increase at low ionic strength can be explained by a screening of likely charged polymer segments which leads to a stronger coiling of the polyelectrolyte chains on the substrate. Furthermore, the repulsion between likely charged polyelectrolyte coils is screened. Both effects result in higher adsorbed amount than at lower ionic strength. At the same time, the electrostatic attraction between the adsorbing polyelectrolytes and the oppositely charged surface is screened which results in a decrease in thickness at higher ionic strengths. Therefore, a maximum in multilayer thickness occurs at a certain ionic strength I max .

The value for I max depends on the polyelectrolyte combination and can be completely different. In the present case, the maximum occurs at an ionic strength of about 0.1 mol/L. For instance for PSS/PDADMAC I max is about 1 mol/L [33]. For PSS/PAH it is above 4 mol/L, but not measurable. The thickness increases up to 4 mol/L. Above this ionic strength PSS is salted out and no homogeneous polyelectrolyte multilayers can be built up anymore. The level of I max correlates with the stability of the multilayers and corresponds to the minimum outer ionic strength at which the multilayer can be destroyed after the adsorption process has been finished [36]. The given explanation is valid for "simple" polyelectrolytes with one type of charge along the chain. Obviously, it gives also the right trend for the salt experiments in the present paper. In the case of polycarboxybetaines with two types of oppositely charged groups an additional effect might become important. Due to the opposite charges, polycarboxybetaines are more coiled than "simple" polyelectrolytes. With increasing ionic strength the attraction is screened which leads to a more stretched conformation in contrast to the salt effect on the conformation of "simple" polyelectrolytes. Usually, chain stretching reduces the film thickness, which could also explain the decreasing film thickness at higher ionic strength in fig. 7 and the relatively low I max . Hence, it is assumed that the reduced PEM thickness from 1 mol/L NaCl is due to a reduced thickness of single layers but not to the stopping of multilayer formation after a few layers. At high ionic strengths from 1 mol/L on, the multilayer thickness is constant of about 120 Å and 60 Å respectively (Fig. 7). This is still thicker than the thickness of a few adsorbed layers between 30 and 50 Å, as shown in fig. 6 at high pH. This leads to the conclusion that at high ionic strength the formation of thin multilayers is still possible. It indicates that at high ionic strengths the adsorbed amount is rather affected by the intramolecular screening between the nitrogen and the carboxyl groups than by the electrostatic screening of the attraction between the adsorbing polyelectrolyte and the oppositely charged surface.

In the experiments shown in fig. 6, only the pH of the polycarboxybetaines was adjusted. That means that the ratio of protonated and deprotonated carboxyl groups of the polycarboxybetaines was fixed during the PSS deposition irrespective of the pH during the former polycarboxybetaine adsorption step.

In the experiments described in the following the pH of the PSS (dipping) solution was adjusted to the same value as for the respective polycarboxybetaine solution. Fig. 8 shows the thickness of the multilayer in dependence of the pH of PSS and polycarboxybetaine dipping solutions at an ionic strength of 0.1 mol/L. The thickness increases up to pH 2 and decreases towards higher pH. The maximum thickness at pH 2 is smaller than in fig. 6. The pK a of PSS is about 3.0 [START_REF] Mandel | Polyelectrolytes[END_REF] which explains the increase in thickness with increasing pH due to an increase in PSS charge density at low pH. Above a pH of 3.0 the carboxyl groups of the polycarboxybetaines become more and more deprotonated which reduces the net charge of the polycarboxybetaines. This leads to a maximum in thickness. The dissociation of PSS and the carboxyl groups are counteracting which results in a smearing out of the sharp effect in fig. 6. The maximum thickness is smaller than in fig. 6, since the PSS chains are not fully deprotonated in the pH range between 1.5 and 2.5.

Summary and conclusions

The intermolecular interaction of polycarboxybetaines was investigated by two different experimental routes: 1) The interactions were tested in aqueous environment with SANS. The occurrence of a structure peak provided an indicator for the electrostatic repulsion between the polyelectrolytes. 2) The attraction between polycarboxybetaines and the anionic PSS was studied by the formation of polyelectrolyte multilayers from aqueous solutions. It had been known before that a system specific minimum degree of polymer charge is required for the multilayer formation. Both types of measurement indicate that the polycarboxybetaines have polycation character at low pH, if the intramolecular charge coupling between the quaternary nitrogen and the carboxyl group is avoided. This was reached by the chemical structure of the polycarboxybetaines. The study reveals that the sterical hinderance realized by side chains at the nitrogen is more efficient for avoiding charge coupling than a long spacer between both functionalized groups. The charge coupling seems to be independent of the polymer concentration. This leads to the conclusion that the charge coupling is mainly an intramolecular effect. The conformation of the polymer chains is a result of a subtle interplay between electrostatic and hydrophobic interactions including steric hinderance. This leads either to stretched pearl-necklace structures as shown for pyridiniocarboxylates (PC0, PC3) or to coil-like structures as detected for ammonioacetates (AAMe, AAEt).

Figure 1 :

 1 Figure 1: Poly(carboxybetaines) with different spacers between the charges and different lengths of side chains at the quaternary nitrogen.

Figure 2 :

 2 Figure 2: Reduced SANS intensities for a concentration series starting from 0.1 monomol/L of polycarboxybetaines a) PC0 b) PC3 c) AAMe d) AAEt.The lines correspond to fits of the low q-regime and to the high-scaling law, respectively.

Figure 3 :

 3 Figure 3: Schemes of the chain conformations of the four studied polycarboxybetaines deduced from SANS measurements.

Figure 4 :

 4 Figure 4: Dependence of the position of the structure factor peak q max from fig. 2d in dependence on the total polymer volume fraction Φ for compound AAEt. The fit q max ∝ Φ x of the data points gives an exponent of x = 0.38. The 1/3-power law is shown for comparison.

Figure 5 :

 5 Figure 5: Multilayer thickness in dependence on the number of dipping cycles: (PSS/AAMe) n . AAMe dipping solution: pH 2.5 (filled symbols) and pH 4.4. (open symbols). Solid line: linear fit: 45 Å/ double layer. PSS dipping solution: pH = 4.6. All dipping solutions contained NaCl = 0.1 mol/L.

Figure 6 :

 6 Figure 6: Thickness in dependence on the pH of the polycarboxybetaine dipping solution, pH of the PSS dipping solutions: 4.6, 6 dipping cycles, [NaCl] = 0.1 mol/l.

Figure 7 :

 7 Figure 7: Multilayer thickness in dependence on the NaCl concentration, 6 double layers, pH = 2.5.

Figure 8 :

 8 Figure 8: Thickness in dependence of the pH of the PSS and polycarboxybetaine (dipping) solutions, six dipping cycles. In contrast to fig. 6 also the pH of the PSS solution was changed.

Table 1 :

 1 Sample composition for pyridiniocarboxylates (PC) and ammonioacetate (AA), monomer molecular mass M mon , polymer number and weight average mass (M n and M w ), polydispersity index PI, degree of polymerisation N (M w /M mon )polymer volume fraction Φ of most concentrated sample in D 2 O (corresponds to 0.1 monomol/L), and coherent neutron scattering contrast ∆ρ in D 2 O.

	Sample	k, or	M mon	M n	M w	PI	N	Φ	∆ρ
	name side group g/mol g/mol g/mol				(10 10 cm -2 )
	PC0	k = 0	163	17900 27200 1.52 167 1.8%	4.66
	PC3	k = 3	205	18800 23880 1.27 116 2.3%	5.09
	AAMe R=methyl	219	13100 16900 1.29 77 2.3%	5.20
	AAEt	R=ethyl	247	12900 16640 1.29 67 2.7%	5.37

Table 2 :

 2 Exponent a of power high-q power law, apparent radius of gyration of the blob R blob , apparent mass of blob M blob , number of blobs per chain N blob .

	Sample High-q exponent a (±0.05) R blob ( Å) (±2 Å) M blob (g/mol) N blob
	PC0	1.36	28	4300	6.3
	PC3	1.20	13	1650	14.5
	AAMe	1.48	44	20075	0.8
	AAEt	1.95	50	30250	0.6
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